The vortex shedding noise generated from a circular cylinder is affected by Reynolds number and yaw angles to the uniform stream. For a yawed cylinder the reduced normal velocity component to the cylinder axis reduces the unsteady IiA fluctuation, which results in lowered sound pressure level. However, experimental results show that "the cosine law" which uses the normal velocity component as a characteristic velocity for noise prediction from a yawed cylinder needs to be carefully reviewed.
INTRODUCTION
For a cylinder in a uniform flow stream, sound is generated by the fluctuating pressure on the surface of a cylinder due to the vortex shedding behind the cylinder (1). It is known that the major parameters in predicting the acoustic pressure at the far-field @) are the flow velocity (v), the correlation length (I,), and the fluctuating lift coeffIcient (c, ), such that where, 7 p= cos=e-;-
The normalized correlation function (R,) can be measured from surface pressure or wake velocity. Hanson (2) and Smith et. al. (3) found that the vortex shedding frequency is proportional to cos B , where B is the cylinder yaw angle relative to the flow stream. In the previous research, however, the effect of yaw to the correlation length and unsteady MI fluctuation has not been clearly investigated. In this experimental study, the correlation length along the cylinder axis was measured with pressure sensors on the cylinder surface. In addition, the unsteady force is estimated from measured surface pressure distribution on the cylinder by using a unique correlation technique. Finally, the contribution of these flow parameters to the far-field sound pressure generated from yawed cylinder is analyzed.
EXPERIMENTAL APPROACH
Experiments were performed in an open jet-type acoustic wind tunnel with test section size of 30Ox3OOmm. At the end of the tunnel contraction two parallel side plates were placed in order to minimize the flow non-uniformity. Across these side plates a polished steel cylinder of 20mm dia was installed. Three pairs of holes on the plates were used to change the yaw angles from 0, 15, to 30 degrees with respect to the tunnel cross-section. The tunnel air speed was continuously variable up to 40m/sec.
The fluctuating pressure was measured with six pressure sensors imbedded in the cylinder and lmm dia through holes drilled in the cylinder surface at a common meridional angle. The spacing between the sensor holes was identical and was 40mm. The cylinder could be rotated about its axis to obtain the circumferential variation in pressure. The pressure distribution was found to be quite uniform when comparison was made between spanwise stations. The radiated acoustic pressure was also measured with a microphone located 50 cm away from the cylinder.
EXPERIMENTAL RESULTS AND DISCUSSION
When the cylinder axis was normal to the direction of flow, the Strouhal number vo/v) was found to be almost constant and equal to 0.20 for Reynolds numbers in the range of 40,500 to 54,400. As the yaw angle increased, the shedding frequency decreased as shown in FIGURE 1. The solid curve drawn on the figure is based on the cosine law, and it follows the measured data reasonably well. This indicates that the normal velocity component to the cylinder axis is a proper characteristic velocity for frequency scaling. Th effect of yaw on the correlation length, i,, were also measured for different flow speeds and yaw angles, which were between 6 and 7.5 for different yaw angles. No significant change in length scale was noticed for the yaw angles tested. Shown in FIGURE 2 is the distribution of fluctuating surface pressures at various angular positions. In order to measure the phase difference between the fundamental frequency signals from each pressure sensor locations, a stationary hot-wire sensor was used as a reference. The hot-wire was located just below the angular position of 90' from the front stagnation point. It is found that the pressure on the upper surface is 180" out of phase with the other side. As a result the unsteady lifl can be estimated From the rms pressure distribution by integrating over the surface. The effect of yaw on the pressure level is quite significant as shown in FIGURE 3 . By using the measured flow parameters, the prediction for sound pressure level was made. The predicted levels were very close to the measured data, shown in FIGURE 4, within 1 dB. It was found that the decrease in lift fluctuation and sound pressure level for increased yaw angle is more significant than it could be explained by "the cosine law." It probably due to the rising level of turbulence that is promoted by the yaw causes the vortexshedding mechanism to be much less dominant than in the un-yawed configuration.
